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2 
ABSTRACT 42 
 43 
The potential use of commercial fibres (pea fibre (PF), inulin (I) and their blends (PFI)), as fibre-44 
enriching agents in frozen/thawed mashed potatoes (F/TM potatoes), was reported. PF and I 45 
supplementations conferred hardness and softness to the product respectively. Differences were 46 
attributed to the relationship of the fibre with the potato starch matrix. The association of PF at low 47 
concentration (< 15 g/kg mashed potatoes) and I at high concentration (> 45 g/kg) is strongly 48 
encouraged to fortify the diet without promoting negative effects on textural and rheological properties 49 
of F/TM potatoes or colour and overall acceptability of the resulting products. 50 
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INTRODUCTION 53 
 54 
The health benefits of fibre consumption are well recognized. A diet with low dietary fibre is associated 55 
with a spectrum of degenerative diseases, including diabetes, obesity, coronary heart disease, bowel 56 
cancer and gallstones; it is a well-established fact that the consumption of adequate amounts of dietary 57 
fibre significantly reduces the risk of these diseases.
[1] 
Consumer awareness of these characteristics is 58 
increasing; this influences consumer purchasing decisions, while the functional foods market is constantly 59 
growing. A recent joint FAO/WHO report recommended reducing the intake of sugars, fat and alcohol, 60 
and increasing consumption of fruits, vegetables and cereal products, with the aim of increasing the total 61 
dietary fibre intake to at least 25 g day
-1
.
[2,3] 
The challenge is to develop traditional mashed potatoes using 62 
dietary fibres to increase the daily intake of fibres.  63 
 64 
Dietary fibre is a collective term for a group of substances of varying chemical composition, structure, 65 
physical properties and physiological effects.
[4]
 A final agreement was only reached in November 2008 on 66 
a global dietary fibre definition for the Codex Alimentarius.
[5]
 Now the Codex defines dietary fibre as 67 
carbohydrate polymers with 10 or more monomeric units, which are not hydrolysed by the endogenous 68 
enzymes in the small intestine of humans. Such an agreed definition facilitates consistent application of 69 
labelling and health claims, thus ensuring clarity and enhancing consumer confidence.
[4]
 70 
 71 
Nowadays, a whole range of fibres are available in the market, but sometimes it is difficult to choose 72 
properly because of the variation in their physicochemical properties. Numerous fibres from completely 73 
different sources have been isolated and characterized and incorporated into different food products.
[6]
 In 74 
fact there are now many fibre-enriched products on the market.
[7]
 Fibres have been incorporated in a wide 75 
variety of foods, like dairy products,
[8-12]
 meat or fish
[13,14]
, but bakery products are the preferred source of 76 
dietary fibre.
[1,3,4,6,15-18]
 However, there are few references to mashed potatoes with added dietary fibres. 77 
Nonetheless, some fibres obtained from algae, like carrageenans, or produced by Xanthomonas 78 
campestris, like xanthan gum, have been used for technological purposes in mashed potatoes.
[19,20]
 The 79 
greatest improvement in overall acceptability (OA) of F/TM potatoes has been achieved by addition of 80 
kappa-carrageenan (κ-C) and xanthan gum (XG) (each hydrocolloid at 1.5 g/kg); the improvement of F/TM 81 
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potato texture was ascribed to the retarding of starch retrogradation, increased water binding capacity and 82 
enhancement of the principal characteristics determining consumer acceptance.
[21] 83 
 84 
Bearing in mind the necessity of increasing dietary fibre ingestion (especially in Western societies) and 85 
that customers demand not only healthier foods but also high sensory quality,
[15]
 this research work was 86 
mainly focused on the possibility of offering F/TM potatoes with improved nutritional value and with 87 
high consumer acceptability. This work includes a systematic study on the effect of fibres of different 88 
origin—insoluble (pea fibre) and soluble (inulin) dietary fibres, added singly (PF and I respectively) and 89 
in associated blends (PFI)—on the textural and rheological properties and the microstructure of processed 90 
mashed potatoes. Thus, colour, total soluble solids content and OA of the above samples were 91 
investigated to evaluate the product’s appearance and make consumer-acceptable fibre-enriched F/TM 92 
potatoes.  93 
 94 
MATERIAL AND METHODS 95 
 96 
Materials 97 
 98 
The potatoes used were tubers (Solanum tuberosum, L., cv Kennebec) from Aguilar de Campoo (Palencia, 99 
Spain). PF (Vitacel
®
 Pea Fibre EF 150, J. Rettenmaier & Sohne GmbH & Co, Rosenberg, Germany) was 100 
an insoluble fibre with a total dietary fibre content ~ 70 g/100 g (dry matter), of which: insoluble dietary 101 
fibre content ≥ 65 g/100 g, soluble dietary fibre content ≥ 0.5 g/100 g and resistant starch content ≥ 1.5 102 
g/100 g, according to producer’s data. Inulin (I) (Orafti®HP, BENEO-Orafti, Tienen, Belgium) was a 103 
“long-chain” I with a degree of polymerization, DP (total number of fructose or glucose units) > 23 and 104 
purity of 99.5% (producer’s data). κ-C (GENULACTA carrageenan type LP-60) and XG (Keltrol F [E]) 105 
were donated by Premium Ingredients, S.L. (Girona, Spain). Following range finding experiments, the 106 
lower and upper fibre levels to be used were set at 0 and 45 g/kg for PF alone and at 0 and 60 g/kg for 107 
either I alone or PFI blends. Concentrations and codes used for identification of samples are shown in 108 
Table 1. 109 
 110 
Preparation of F/TM Potatoes 111 
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Tubers were manually washed, peeled and diced. All mashed potatoes were prepared in ~ 1350-g batches 112 
from 607.7 g/kg of potatoes, 230.8 g/kg of semi-skimmed in-bottle sterilised milk (fat content, 15.5 g 113 
kg
−1
), 153.8 g/kg of water, 7.7 g/kg of salt (NaCl) and 1.5 g/kg of either κ-C or XG21  using a TM 31 food 114 
processor (Vorwerk España, M.S.L., S.C., Madrid, Spain). I (concentration 0-60 g/kg) was previously 115 
dissolved in 384.6 g/kg of water and milk at 70°C for 15 min, stirring constantly with a magnetic stirrer. 116 
The ingredients were first cooked for 30 min at 90°C (blade speed: 0.10 × g). The amount of liquid 117 
evaporated was determined by weighing the ingredients before and after first cooking. This liquid was 118 
then replaced by adding milk. In terms of processability, there were serious difficulties in cooking PF 119 
fibre together the rest of the ingredients, especially in cases where PF levels exceeded 15 g/kg. PF 120 
(concentration 0-45 g/kg) was previously hydrated at a ratio of PF to water of 1:6, and then also added at 121 
this point. Next, all the ingredients were cooked for an additional 5 min at 90°C. The mash was 122 
immediately ground for 40 s (blade speed: 80 × g), 20 s (blade speed: 450 × g) and 20 s (blade speed: 123 
1000 × g) then homogenized through a stainless steel sieve (diameter 1.5 mm).  Following preparation, 124 
mashed potatoes were placed on flat freezing and microwave thawing trays and then frozen by forced 125 
convection with liquid nitrogen vapour in an Instron programmable chamber (model 3119-05; -126 
70/+250°C) at -60°C until their thermal centres reached -24°C. After freezing, samples were packed in 127 
polyethylene plastic bags, sealed under light vacuum (−0.05 MPa) on a Multivac packing machine (Sepp 128 
Haggenmüller KG, Wolfertschwenden, Germany), placed in a domestic freezer for storage at −24°C and 129 
left there for at least 1 month before thawing to assure the appropriate experimental repeatability of the 130 
freezing and frozen storage processes. Packed frozen samples were thawed in a Samsung M1712N 131 
microwave oven (Samsung Electronics S.A., Madrid, Spain). Samples were heated for a total of 20 min at 132 
an output power rating of 600 W, as detailed elsewhere.
[22]
 After thawing, the temperature reached at the 133 
product thermal centre was measured in all cases (+50 ± 5°C).
 
All samples were brought up to 55°C by 134 
placing them in a Hetofrig CB60VS water-bath (Heto Lab Equipment A/S, Birker d, Denmark). Sample 135 
testing temperature was 55°C.
[22]
 136 
 137 
Instrumental Textural Properties 138 
 139 
Back extrusion (BE) and cone penetration (CP) tests were performed using a TA.HDPlus Texture 140 
Analyser (Stable Micro Systems Ltd, Godalming, UK) equipped with a 300 N load cell. For performance 141 
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of BE tests, a rig (model A/BE, Stable Micro Systems) was used consisting of a flat 45 mm diameter 142 
Perspex disc plunger that moved within a 50 mm inner diameter Perspex cylinder sample holder 143 
containing 50  1 g of mashed potatoes. Product was extruded to a distance of 20 mm at 2 mm/s 144 
compression rate. Maximum positive force of extrusion (firmness (N), BEF) was recorded. For 145 
performing the CP tests, a TTC spreadability rig (model HDP/SR, Stable Micro Systems) was used 146 
consisting of a 45° conical perspex probe (P/45 C) that penetrated a conical sample holder containing 7  147 
0.1 g of product. Product was penetrated to a distance of 17.5 mm at 3 mm/s compression rate”. Maximum 148 
force of penetration per gram of product (firmness (N/g), CPF) was recorded. Texture measurements were 149 
performed in quadruplicate and results averaged. 150 
 151 
Oscillatory and Steady Rheological Measurements 152 
 153 
A Bohlin CVR 50 controlled stress rheometer (Bohlin Instruments Ltd., Cirencester, Gloucestershire, UK) 154 
was used to conduct small amplitude oscillatory shear experiments and steady shear using a plate-plate 155 
sensor system with a 2 mm gap (PP40, 40 mm) and a solvent trap to minimize moisture loss during tests. 156 
Before measurements were taken, samples were left between the plates for 5 min equilibration time.
[21]
 157 
Temperature control at 55°C was achieved with a Peltier Plate system (-40 to +180°C; Bohlin 158 
Instruments). Dynamic rheological tests were performed under the following conditions: (1) linear 159 
viscoelastic domain determined for each sample from stress sweeps at 1 rad/s, and (2) three frequency 160 
sweeps over the range 0.1-100 rad/s. The applied stress was selected to guarantee the existence of linear 161 
viscoelastic response according to previous stress sweeps carried out. A new sample was used each time 162 
for rheological measurements, which are therefore average values of four determinations. Values of phase 163 
angle (δ, deg), storage modulus (G’, Pa) and loss modulus (G”, Pa) were recorded at 1 rad/s. Flow curves 164 
were obtained at shear rates of 0.1-100 1/s approximately, which is the range of interest in food texture 165 
studies.
[23]
 Viscosity values in the upward viscosity/shear rate curves at a shear rate of 50 1/s (ηapp,50, Pa s) 166 
were taken as the apparent viscosity of the samples. Data were also fitted to the Ostwald de Waele 167 
model,
[24-26]
 where n is the flow behaviour index and K (Pa s
n
) is the consistency index.  168 
 169 
Other Quality Parameters 170 
 171 
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Instrumental measurement of colour of the F/TM potatoes in the pots was carried out with a HunterLab 172 
model D25 (Reston, VA, USA) colour difference meter fitted with a 5 cm diameter aperture. Results were 173 
expressed in accordance with the CIELAB system with reference to illuminant D65 and a visual angle of 174 
10°. A colour index, the yellowness index (YI), was calculated as 142.86b*/L*.
[27]
 The total colour 175 
difference ( E*) between respective controls made without added fibres (C1 concentrations, Table 1) and 176 
the rest of F/TM samples made with the corresponding added fibres was calculated as follows:
 
  177 
 178 
 179 
 180 
where L1*, C1* and H1* are the reference (fresh sample) colour parameter values and SL = 1.0, SC = 1 + 181 
0.045C1* and SH = 1 + 0.015C1*. KL, KC, and KH are parametric factors and vary with the experimental 182 
conditions. All were given a fixed unit value for the combination of our specific reference 183 
conditions.
[19,18]
  184 
Total soluble solids (TSS) content (g/100g (w/w)) as measured by refractive index was determined with 185 
an Atago (Itabashi-ku, Tokyo, Japan) dbx-30 refractometer. Measurements of colour and TSS content 186 
were performed in quadruplicate and the results averaged. 187 
 188 
Sensory Analysis 189 
 190 
Sensory assessment was conducted by a 14-member untrained panel. F/TM potatoes were subjected to an 191 
overall acceptability (OA) test based on all sensory attributes (texture, colour, taste), on a nine-point 192 
hedonic scale (with 8 cm) labelled at each anchor: (left anchor: 1 = dislike extremely; right anchor: 9 = 193 
like extremely). 194 
 195 
Scanning Electron Microscopy (SEM) 196 
 197 
F/TM potato microstructure was examined by SEM using a Hitachi model S-2.100 microscope (CENIM-198 
CSIC). MP samples were air-dried then mounted on metal holders, followed by gold sputter-coating (200 199 
Å approx.) in a SPI diode sputtering device. Photomicrographs were taken at various magnifications with 200 
a digital system Scanvision 1.2 of RONTEC (800x1.200 pixel). 201 
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 202 
Statistical Analyses  203 
 204 
A one-way ANOVA was applied to evaluate how fibre types (PF and I) and blends (PFI) affected the 205 
textural and rheological properties, colour parameters, TSS content and the OA of the F/TM potatoes. 206 
Linear discriminant analysis (LDA) was performed to focus on the possible objective discrimination 207 
between the different types of fibres incorporated into the samples on the basis of their quality attributes. 208 
One-way ANOVA were applied to each fibre type (PF, I and PFI blends) to evaluate how the 209 
concentration of each fibre by itself or of blends of these (Table 1) affected the above mentioned quality 210 
parameters of the products. Minimum significant differences were calculated using Fisher’s least 211 
significant difference (LSD) tests with a 99% confidence interval for the comparison of instrumental 212 
parameters, and a 95% confidence interval for comparison of OA. Statistical analyses were performed 213 
with Statgraphics  software version 5.0 (STSC Inc., Rockville, MD, USA). 214 
RESULTS AND DISCUSSION 215 
 216 
Effect of Fibre Types and Blends on Instrumental Measurements and OA of F/TM Potatoes 217 
 218 
For comparative analysis of the influence of the two insoluble and soluble dietary fibres (PF and I 219 
respectively) and their binary blends (PFI) on the BEF, CPF, δ, G’, G”, ηapp,50, n, K, YI, ∆E* and TSS 220 
values and the OA scores of the F/TM potatoes, an ANOVA of one factor was performed (Table 1). One 221 
can see that the samples with only soluble fibre (I) presented significantly lower CPF, G’, G”, K and YI 222 
values and higher δ values and OA scores than their counterparts with either added PF alone or PFI 223 
blends. None of the samples differed statistically in the values of apparent viscosity and n index. With 224 
regard to consumer acceptance, long-chain I can act as a fat mimetic thanks to its capacity to form 225 
microcrystals, which interact with each other to form small aggregates that occlude a large amount of 226 
water; this creates a fine and creamy texture that gives a mouthfeel similar to that of fat.
[8,9] 
In contrast, 227 
the lowest water absorption was found with the addition of I to wheat flour.
[16]
 228 
 229 
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According to their mechanical spectra (Fig. 1), the response of samples with both 30 g/kg added I or PF 230 
alone, or those containing 30 g/kg of each fibre (C7 blend, Table 1), was typical of a cross-linked polymer 231 
network;
[1]
 i.e. the storage modulus G’ was higher than the loss modulus G” at any given frequency, 232 
which is a characteristic of viscoelastic solids. The shape of the rheological spectrum was similar for all 233 
the other samples. It is worth noting the effect of I addition taking into account the samples with PF 234 
incorporation. The addition of any I concentration produced a softening of the structure, and in the 235 
samples with added I alone there was slightly higher frequency dependence (particularly at low 236 
frequency) with a more significant drop in G’ values than in G” values. This result shows that the addition 237 
of I conferred different blending properties on the F/TM potatoes, surely due to the fructose 238 
polysaccharides in its composition.
[16]
 One of the possible mechanisms by which I increased the phase 239 
angle—which which gives a relative measure of the energy lost versus energy stored in the cyclic 240 
deformation (a δ  of 90 deg indicates the material is fully viscous)—is the presence of small I particles.[29] 241 
Such small particles can be produced by controlling heating and cooling of the dissolved I to induce 242 
nucleation and thus small insoluble crystal formation.
[30] 
The presence of I has been rported to facilitate 243 
the reduction of snack bar hardness,
[4]
 and a negative effect of I has also been observed, making mackerel 244 
surimi gels softer when incorporated at 40 g/kg, whereas PF increased hardness (an increase of almost 245 
60% with 40 g/kg).
[14]
 Furthermore, other studies have shown that incorporation of low levels (≤ 40 g/kg) 246 
of inner PF and chicory root I may alter the texture of restructured fish products; i.e. inner PF fibre 247 
favoured greater gel strength and hardness,
[13]
 whereas I fibre reduced hardness. 248 
 249 
With regard to YI index, commercially available I is a spray-dried white powder which gives an opaque 250 
gel at higher concentrations when mixed properly with water.
[31]
 This whitish powder and the opaque gel 251 
made from it reduced the yellowness and increased the ∆E* of the samples (Table 1). In addition, the TSS 252 
content increased when I was added either alone or in associated blends. Supplementation with I 253 
introduced some more reducing sugars and led to increased total carbohydrate contents.
[10]
 The same 254 
behaviour was observed in dairy drinks with added oligofructose
[11]
 and I
[8]
 respectively. 255 
 256 
In contrast, no significant differences in CPF, δ, G’, G” and K values were detected between samples with 257 
added PF alone and with added PFI blends (Table 1, Fig. 1). Therefore, the presence of insoluble fibre 258 
increased the firmness per gram, elasticity, viscosity and consistency of the samples, evidencing that I is 259 
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unable to counteract the effect produced by the high proportion of cellulose present in PF fibre. This is 260 
likely due to interactions between the fibre structure and the water. In wheat dough, the highest water 261 
absorption was found with the addition of PF, followed by carob fibre.
[16]
 Note, however, that firmness 262 
(BEF value) increased when PF was added alone, whereas PF addition in associated blends left BEF 263 
basically unchanged as compared to the addition of I alone. The apparent lack of correlation between the 264 
two types of textural measurements (BEF and CPF per gram) indicates that both parameters are 265 
measuring different effects in the matrix of the F/TM potatoes. According to Lee and Chung,
[32]
  while the 266 
compression test measures the overall binding property of the gel material, the penetration test evaluates 267 
the degree of compactness. If we accept this interpretation, PF considerably increased either overall 268 
binding or the degree of compactness in the mashed potato gel network, but the presence of I 269 
considerably reduced overall binding and the structure of the gel became weaker. In addition, other 270 
authors have reported that at very high I concentrations both potato starch and I probably gel 271 
independently, with potato starch remaining in the amorphous state
[33]
 and I recrystallizing.
[34]
 272 
 273 
In spite of the fact that ANOVA confirmed that there was little variability between some of the 274 
instrumental measurements of F/TM potatoes formulated with either added PF alone or PFI blends, LDA 275 
using fibre type as the discriminant factor showed that the three samples type investigated were clearly 276 
discriminated. LDA was performed to develop two functions to discriminate between the two types of 277 
fibre and their blends based on linear combinations of the twelve quality attributes shown in Table 1. The 278 
relative percentages of variance accounting for discriminating functions 1 and 2 were quite similar (59 279 
and 41% respectively) indicating that none of the functions on its own can discriminate well between the 280 
3 levels of the factor. The standardized coefficients of the functions used to discriminate amongst the 281 
types of fibre are not shown for the sake of brevity. However, for the first discriminant function, YI and 282 
TSS content are clearly the attributes which best separate the PF, I and PFI samples, whereas for the 283 
second function, BEF, G” and OA are the attributes that best separate the samples by fibre content. Fig. 2 284 
shows the projections of the observations onto the two axes extracted by the LDA. There appears to be a 285 
clear discrimination between samples with both added PF and I alone or their blends. However, average 286 
values (group centroids) of the two discriminant functions for each of the three fibres type are included in 287 
Fig. 2; they are marked by a small plus sign. Centroid values show that function 1 discriminates mainly 288 
between F/TM samples with added PFI blends and those with either PF or I alone (it separates them by 289 
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more than 3 units). Note that the first function hardly discriminates between samples with either added PF 290 
or I alone. On the other hand, function 2 discriminates mainly between samples with added PF alone and 291 
those with added I alone (it separates them by more than 4 units), albeit the second function also 292 
discriminates quite well between samples with added PFI blends and those with either added PF or I alone 293 
(it separates them by more than 2 and 1 unit respectively). These results indicate that the addition of both 294 
fibres and their blends appears to interfere with the structure of F/TM potatoes differently.  295 
 296 
Effect of Fibres Concentration on Quality Attributes of F/TM Potatoes  297 
To study the influence of the concentration on the quality attributes and the OA scores of the F/TM 298 
potatoes, three different one-way analyses were performed on each fibre type and blends of these. Figures 299 
3 and 4 show the effect of fibre concentration on the textural (BEF and CPF) and rheological properties (δ, 300 
G’, G”, ηapp,50, n and K) of F/TM potatoes with either PF or I added alone or PFI blends. In terms of 301 
texture and oscillatory dynamic measurements, fibre concentration significantly affected (P ≤ 0.01) the 302 
majority of these properties. Only in the case of the δ value (Fig. 3c) as a function of concentration was 303 
there no significant change in F/TM potatoes with added I alone. 304 
 305 
In F/TM samples, adding 15-45 g/kg PF alone (C2-C4 concentrations respectively; Table 1) increased 306 
both BEF (Fig. 3a) and CPF (Fig. 3b) properties as compared to mashed potatoes without added PF fibre 307 
(C1 concentration). These results indicate that much stronger structures are produced when F/TM 308 
potatoes contain insoluble fibre. The maximum BEF and CPF values were recorded in samples containing 309 
15 and 30 g/kg respectively, albeit differences in BEF and CPF values between samples with 15 and 45 310 
g/kg added PF were not significant. With regard to I addition, the highest BEF value was recorded in the 311 
samples containing 15 g/kg I. There were no significant differences either in BEF values for I at 30-60 312 
g/kg or in CPF for I at 15 g/kg (Fig. 3b) compared with their control (C1), whereas adding higher levels 313 
of I (30-60 g/kg) significantly reduced the CPF values of the samples.  314 
 315 
With regard to the addition of PFI blends, there were no significant differences in the BEF values of the 316 
samples with added C2 and C5 blends (both with ≤ 15 g/kg added PF, Table 1) and the C1 control 317 
without fibre. The variation in the CPF value (Fig. 3b) shows that firmness per gram was lowest in the 318 
samples with added C5 blend (which had the lowest (15 g/kg) and the highest (45 g/kg) PF and I contents 319 
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respectively), even lower than in the C1 control.  Furthermore, samples with higher PF concentrations 320 
(C4, C5, C6 and C7 blends) had higher BEF and CPF values than C1 control, albeit differences between 321 
samples were not significant. The texture measurements show that firmness tended to increase with PF 322 
content and decrease with I content, except in the case of the BEF value with the lower level of I (Fig. 3a). 323 
Results show that the texture tests did not adequately discriminate the changes in sample structure 324 
produced by the fibre addition. In the case of the PF fibre, this effect may have been due to deficient 325 
wetting of the fibres at the higher concentrations because of their high water holding capacity, and also to 326 
the formation of clusters owing to the relative length of the pea fibres.
[1]
     327 
 328 
Samples with added PF had lower δ values (Fig. 4a), indicating greater elasticity, although differences 329 
between phase angles of F/TM potatoes with added PF alone were not significant. Conversely, the effect 330 
of the concentration was linear and elasticity (G’ values) increased at the three concentrations used (Fig. 331 
4b). In the samples with added I, the effect of the concentration was also linear, with δ increasing and G’ 332 
decreasing at the four test concentrations tested. Nevertheless, there were non-significant differences 333 
between δ values due to greater dispersion of the results; also, the samples containing 15 and 30 g/kg I 334 
were more elastic than the control. This fact is probably related to I low concentration, as the system does 335 
not have enough particles and/or molecular density of I chains to reach a critical crowding effect.
[35]
 For 336 
their part, samples with added C3, C6 and C7 blends, all with ≥ 30 g/kg added PF, had significantly lower 337 
δ values than the control (Fig. 4a), indicating that high levels of PF favoured lower viscosity.[36] G’ 338 
increased when any of the PFI blends studied was added, and only the samples formulated with the blend 339 
containing the lowest PF concentration (C2) had similar elasticity to the control (Fig. 4b). On the other 340 
hand, F/TM potatoes with added C6 blend containing the highest PF concentration exhibited the greatest 341 
elasticity with a higher magnitude of G’, followed by samples containing 30 g/kg added PF (C3 and C7 342 
blends).  343 
 344 
With respect to the viscosity of the samples (Fig. 4c), the maximum loss modulus G” ws likewise 345 
recorded with the highest level of PF added alone. Addition of the highest I concentration (C5, 60 g/kg) 346 
reduced the viscosity, albeit differences with control were non-significant. Again, the maximum G” value 347 
was recorded in samples containing 15 g/kg I. The changes in the values of G” on adding PFI blends were 348 
similar to those observed in elasticity (Fig. 4b). In addition, no significant differences were found in the 349 
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viscous properties of the samples without added fibres and those with added C2 and C5 blends (with 350 
lower PF contents and with 30 and 45 g/kg I respectively). 351 
 352 
Steady shear measurements: the effect of concentration on the consistency index (K) was not significant 353 
for samples with added PF alone (Fig. 5c). There was no significant change in the n index (Fig. 5b) as a 354 
function of concentration in F/TM potatoes with added I alone. Concentration likewise had no significant 355 
effect (P ≤ 0.01) ηapp,50 (Fig. 5a) and K (Fig. 5c) in F/TM potatoes with added PFI blends. In F/TM 356 
samples with added PF alone, the effect of the concentration was linear, with ηapp,50 decreasing (Fig. 5a) at 357 
the three concentrations used. The n index, which indicates the extent to which shear-thinning deviates 358 
from 1, was also reduced by adding 45 g/kg (Fig. 5b), although in this case the pseudoplasticity of 359 
samples containing lower PF concentrations (15 and 30 g/kg) was not significantly lower than in the 360 
samples containing 45 g/kg I.  361 
 362 
With regard to I addition, the maximum ηapp,50 and K values were recorded in samples containing 15 g/kg 363 
I. Addition of the highest I concentration (C5, 60 g/kg) also significantly reduced consistency (Fig. 5b). 364 
Only the addition of I at 15 g/kg increased apparent viscosity (Fig. 5a), whereas the ηapp,50 of the samples 365 
with 30, 45 and 60 g/kg was similar but significantly lower than in the control. In the former case, there 366 
are various hypotheses that could explain this behaviour. According to Zimeri and Kokini,
[37]
 it could be 367 
due to the fact that the structure of I has no entanglements at all, with agglomerates (crystals) sliding one 368 
on top of the other. The latter authors also indicated that the rheological properties of mixed I-waxy maize 369 
starch (WMS) systems at ratios of I to WMS of 50:50 presented a decrease in the moduli’s magnitude due 370 
to WMS network disruption by I, when compared to gels with lower I concentrations. Several studies 371 
have addressed mixed carbohydrate interactions, and it has been found that their miscibility in solution 372 
decreases with increasing concentration.  373 
 374 
Addition of PFI blends: the analysis of variance showed that the effect of the different concentrations of 375 
fibres on both ηapp,50 and K was only significant at the 0.05 level. In fact, unexpectedly all the samples 376 
with added PFI blends had lower apparent viscosity than the control (Fig. 5a); however, when 45 g/kg of 377 
PF and 15 g/kg of I (C6) was added, the ηapp,50 value decreased significantly with respect to the C1 378 
control, indicating that addition of a high PF concentration produced a slight weakening of the initial 379 
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structure of the system. With respect to the flow index (n) (Fig. 5b), on increasing the PF concentration 380 
and reducing the of I concentration (C3, C4, C6 and C7 blends), the n value decreased, although the 381 
increase in pseudoplasticity was greater in the flow of the samples with the lower I concentrations. 382 
Similarly, the lowest sample consistency was recorded for the F/TM potatoes with added C2 blend, 383 
indicating that in the presence of a low PF content the addition of 30 g/kg of I caused slight softening of 384 
the original structure of the system. At PF concentrations above 30 g/kg, on the other hand, such addition 385 
increased sample consistency although the differences with the control were not significant. Note that in 386 
the presence of PF fibre there was no correlation between the ηapp,50 and K values, which may be 387 
attributed to early fixing of the structure and a high level of water in the product. These results are in 388 
disagreement with those reported by Fernández et al.
[20]
 after adding five different hydrocolloids and two 389 
dairy proteins to mashed potatoes. The high correlation between ηapp,50 and K  was associated with the 390 
presence of a shift from a viscoelastic regime to a purely viscous one as found for selected gum 391 
solutions,
[38]
 since K is the shear stress at a shear rate of 1.0 s
-1
. In contrast, when applying extensional 392 
rheometry at large strain deformations, Piteira et al.
[1]
 observed that PF incorporation in cookie dough did 393 
not seem to affect the dough’s uniaxial transient flow at strains above approximately 0.1. On the contrary, 394 
between approximately 0.01 and 0.1 strain units, the transient extensional viscosity seems to decrease the 395 
more is incorporated. Also, it has been reported that both mixing tolerance index and elasticity were 396 
reduced by the addition of PF to wheat dough.
[16]
 Moreover, the extensibility of the dough and the 397 
deformation energy were greatly reduced by PF, yielding a reduction of about 42% in the extensibility of 398 
the wheat flour, and hence a smaller bubble before failure, probably due to the high cellulose content in 399 
this fibre. Thurston and Pope
[39]
 suggested that the decrease in the viscous component at a high shear rate 400 
reflects loss of the ability of compounds to store elastic energy in the shear deformation process. A 401 
similar absence of correlation between small and large deformation tests has been reported for other 402 
gels.
[14]
 403 
 404 
Figure 6 shows the effect of fibre concentration on colour parameters, TSS content and OA of F/TM 405 
potatoes with PF or I added alone or PFI blends. In general terms, when added singly or in associated 406 
blends fibre content significantly affected (P ≤ 0.01) both the colour parameters and the TSS content of 407 
the samples. Only in the case of F/TM potatoes with I added alone was there no significant change in OA 408 
score as a function of concentration. In samples with added PF alone, adding the lowest level of PF 409 
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slightly reduced the YI value as compared with control (Fig. 6a). Conversely, yellowness increased 410 
significantly when 30 and 45 g/kg PF was added. Cod sausages have also been reported to became 411 
yellower with pea protein.
[40]
 In samples with I added alone, adding 15-60 g/kg
 
I reduced the YI value as 412 
compared with the control, although there was no significant difference in the yellowness of the different 413 
mashed potatoes formulated with higher I concentrations (30-60 g/kg). Conversely, it has been found that 414 
I did not affect the colour values of low-fat ice cream.
[41]
 And again, addition of oligofructose to dairy 415 
drinks did not affect the L*, a* and b* values.
[11] 
Obviously, the colour of the ingredients used influences 416 
the colour of the product. The PF ingredient was a brown powder, and the F/TM potatoes with added PF 417 
were darker brown in colour, whereas the samples without PF were yellower in colour. In fact adding 418 
increasing levels of PF increased both L* and b* values, and as a result, the F/TM potatoes with added PF 419 
fibre were darker (lower L*/b* ratio) than the C1 control. On the other hand, I is a white powder and 420 
produced a lighter-coloured mashed potato (higher L*/b* ratio) than the control, reducing the YI value. In 421 
the case of blend addition, all samples except the ones with the lowest PF content (C5) had significantly 422 
higher YI values than the control (Fig. 6a), indicating that the darkening produced by PF addition was 423 
stronger than the lightening caused by I incorporation. Curiously, as Fig. 6b shows, the value of ∆E* (the 424 
reference taken in the three cases was the colour of the respective C1 controls) increased linearly when 425 
the concentration of either PF or I increased. Comparison of the total colour differences suggests that the 426 
addition of the same concentration of either fibre alone to F/TM potatoes affected the final colour in the 427 
same way, albeit PF and I caused samples to darken and brighten respectively. In samples with added PFI 428 
blends, the value of ∆E* with respect to the C1 control was much higher at the lowest PF concentration 429 
(C2 blend, Table 1), suggesting that in this case the lightening caused by I addition masked the effect of 430 
PF addition.  431 
 432 
TSS content decreased linearly with PF content (Fig 6c). PF contains mostly insoluble fibre with high 433 
water absorption and some soluble solids may be hard to detect. However, as was expected, total soluble 434 
solids were higher in samples containing I than in the control, which agrees with the findings reported by 435 
other authors
[11]
 in probiotic yogurts supplemented with fructo-oligosaccharide. Also, in the case of the 436 
addition of blends, those samples with lower PF concentrations and higher I contents (C2 and C5) had 437 
higher TSS contents.  438 
 439 
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Sensory characteristics are influenced by microstructure. Addition of PF fibre reduced the OA score of 440 
the F/TM potatoes (Fig. 6d), whereas Wang et al.
[16]
 found that breads containing PF were judged 441 
acceptable by the panellists. In this study, panellists preferred F/TM potatoes without added PF. There 442 
was no difference (P ≥ 0.05) in the average scores of samples containing PF fibre, indicating that the 443 
different pea fibre concentrations used did not interfere in the acceptability of the samples. Scores were 444 
noticeably lower in these cases, probably due to the considerable differences in texture, colour, flavour 445 
and odour of these samples as result of the original properties of the PF fibre. The undesirable effect of 446 
fibre on bread consists mainly of an objectionable gritty texture and unsuitable taste and mouthfeel.
[7]
 In 447 
fact PF significantly influenced sample texture, which was perceived as sandy because of the high 448 
proportion of cellulose. Also, PF increased perceived hardness when added to F/TM potatoes either alone 449 
or at the maximum tested levels. The sensory analysis indicates that PF alone cannot be used as an 450 
ingredient in mashed potatoes to fortify the diet. There were no significant differences in OA scores for 451 
F/TM potatoes without and with added I at any concentration. Unlike other reports,
[8,12]
 there was no clear 452 
relationship between the sensory score and the quantity of soluble fibre added individually, which is 453 
likely related to the presence of XG in all the systems. Addition of XG at any of the concentrations used, 454 
either individually or blended with κ-C, increased the creaminess of F/TM potatoes.[21] However, several 455 
reports also corroborate the influence of I on such mouthfeel parameters as creaminess and thickness. The 456 
addition of I to low-fat and whole milk set yoghurt influences the perception of creaminess. With rising I 457 
concentration, the perception of creaminess increases as well.
[12]
 Also, milk-beverage model systems with 458 
added I were perceived as significantly creamier than samples without I.
[8]
 With respect to the interval of 459 
concentrations considered in this work, incorporation of 15-60 g/kg I did not significantly affect the 460 
perceived creaminess and mouthfeel of the products, and the resulting texture were perceived as 461 
smoother. 462 
 463 
The variation in the OA score for PFI blends indicates that with  the lowest PF concentration and I at 30 464 
g/kg (C2 blend), consumer acceptance was comparable to control without added ingredients. Also, 465 
samples with 15 g/kg
 
added PF and 45 g/kg
 
added I (C5 blend) were judged by the consumer panellists as 466 
very acceptable, scoring > 7 for OA (Fig. 5d). Therefore, the association of both fibres at minimum levels 467 
of PF and maximum levels of I largely counteracted the hardening effect of addition of PF alone. On the 468 
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other hand, samples supplemented with binary blends containing ≥ 30 g/kg PF (C3, C6 and C7 blends) 469 
scored considerably less than those with 10 and 15 g/kg addition.  470 
 471 
SEM 472 
 473 
Microstructure was analysed by SEM (Fig. 7 and 8). The photomicrographs in Fig. 7b, d and f and in Fig. 474 
8b, d and f show close-up views of each sample. Those F/TM potatoes containing PF alone exhibited 475 
clear differences. When food and other biomaterials are frozen, the expansion associated with phase 476 
changes and subsequent contraction due to further cooling will cause mechanical stresses to develop, 477 
which may cause deformation and large-scale cracking or micro-structural damage. This topic has been 478 
relatively neglected in the food literature,
 
but it was clearly visible in all the samples formulated with PF 479 
alone either at low (Fig. 7a and b) or at high concentrations (Fig. 7c and d). Kim and Hung
[42]
 suggested 480 
that the propensity to crack in liquid nitrogen immersion freezing depends on several interrelated physical 481 
properties such as the porosity and frozen density of the food. Density influences cracking because it is 482 
proportional to moisture content, and products with higher moisture content will have a higher volume 483 
expansion ratio during freezing and hence higher cracking susceptibility. In this study moisture contents 484 
were not measured, but it is definitely probable that the F/TM samples with added PF alone had higher 485 
moisture content than the other samples,
[14,34] 
especially given that these samples contained more water in 486 
order to assure hydration of PF fibre.  487 
 488 
In this study drip loss after centrifugation was always zero in all samples; this fact is attributed to the 489 
presence of XG in the systems, indicating that the water binding capacity of the F/TM potatoes containing 490 
this gum was absslute.
[21]
 However, in their respective counterparts without added cryoprotectants (data 491 
are not shown), the presence of PF increased water binding capacity as compared to I. Similarly, water 492 
absorption in wheat dough was highest when PF was added.
[16]
 This is likely caused by the large number 493 
of hydroxyl groups in the PF fibre structure, which allow more water interactions through hydrogen 494 
bonding. Therefore, F/TM potatoes with PF added alone are more rigid (as evidenced by instrumental 495 
measurements), have more moisture content and have no or very little expansion due to phase change; 496 
this would create extremely high tangential tensile stress at the surface
[42]
 as the inner layers freeze and 497 
expand, stretching the rigid outer crust. Thus, cracking is unlikely to occur during thawing.
[43]
 It is 498 
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possible, however, that in the products with high PF content, the cracks that have formed and propagated 499 
during freezing will continue towards the centre during thawing and complete the splitting process, 500 
especially givn the limited water available and restriction of water movement during thawing of the 501 
products, which is quickly entrapped by the PF fibre. Unlike PF, I incorporation did not cause cracking 502 
(Fig. 7e and f), and in the case of samples with added PFI blends, some cracking was only detectable  503 
(Fig. 8b) with the lowest I concentration (C3 blend, Table 1). The higher the I content, the greater is the 504 
chance that internal stress will dissipate instead of accumulating. This is probably related to that fact that I 505 
incorporation increases porosity.   506 
F/TM samples consisted mainly of whole single potato cells and of some ruptured cells and cell 507 
fragments embedded in an extracellular starch phase, which was blended with gelled κ-C and XG. This 508 
gum was effective in stabilizing F/TM potatoes against starch retrogradation, minimizing the spongy 509 
structure formation of frozen gel.
[44] 
Samples with 15 g/kg added PF (Fig. 7a and b) present a more 510 
dehydrated appearance, since part of the intracellular water was drawn out osmotically when the product 511 
was frozen because of freezing-induced concentration of the cell mass. Moreover, these samples seemed 512 
to present some whitish brands, which were most obvious in the samples containing higher PF 513 
concentrations either alone (Fig. 7c and d) or blended with I (Fig. 8a-d). The addition of PF to the product 514 
appeared to disrupt the continuity of the potato starch matrix, producing a microstructural arrangement, 515 
undulating surfaces (Fig. 7c, 8a and c) and, unlike other repots,
[14,18]
, a more compact morphology. A 516 
close examination of the samples with added PF at quite a high concentration also revealed the formation 517 
of wrinkles, ridges and folds (Fig. 7d, 8b and d). Macromolecules show a preference for being surrounded 518 
by their own type in mixed solutions, and consequently self-association is intensified in the presence of 519 
other macromolecules.
[3] 
F/TM potato microstructure is explained by dietary fibre composition, and PF 520 
contains insoluble polysaccharides.
[14]
 The texture of the mashed potatoes was possibly reinforced by 521 
interactions between the PF’s polysaccharides-i.e. insoluble dietary fibre forming a cellulose-rich 522 
backbone structure-and starch.
[16]
 Photomicrographs of the F/TM potatoes with 30 g/kg added PF and 10 523 
g/kg added I show the PF-potato starch matrix to be well formed, with strong, continuous fibre strands 524 
entrapping some starch granules (Fig. 8a and b). 525 
 526 
However, even though it is not easy to differentiate I from potato starch granules, samples with 60 g/kg 527 
added I (Fig. 6e and f) and with 15 g/kg added PF and 45 g/kg added I (Fig. 7e and f) all had an I-rich 528 
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phase with small I crystallites forming a continuous network. These crystallites are hard to make out 529 
when I content is lower (Fig. 7d). At 45 and 60 g/kg, I presentsed a microstructure formed by clusters of 530 
small I crystals. In the case of added I fibre the I-potato starch matrix was more continuous than in the 531 
samples containing PF, confirming previous findings.
[18]
 The magnitude of the overall textural and 532 
rheological properties of these samples decreased, due mainly to the integration of I crystals in a 533 
developed potato starch network; this in turn resulted in a smoother texture, which can probably be 534 
explained by trhe correlation between the presence of I crystals and the development of gelling properties 535 
of I. This reinforces the hypothesis of an I gelation mechanism proposed in other scientific papers.
[29,31,35]
 536 
Fig. 6f and 7f also confirm the hypothesis of Zimeri and Kokini.
[37]
 These authors stated that I’s structure 537 
is formed by agglomerates (crystals), with no interconnections with one another. Reduction of hardness of 538 
pasta has been reported with increasing I concentration,
[18]
, associated with the way in which the I was 539 
incorporated into the structure of  the pasta. And again, the starch granules in pastas containing soluble 540 
dietary fibre appeared to be coated in a mucilaginous-like layer.
[3]
 541 
 542 
CONCLUSIONS 543 
 544 
F/TM potato quality was determined by means of texture, colour and TSS content. The rheological 545 
behaviour of the F/TM potatoes was studied by means of oscillatory and steady measurements, 546 
establishing the influence of fibre type on the OA of F/TM potatoes. The original colour of the 547 
ingredients clearly influenced the colour of F/TM potatoes. Oscillatory dynamic tests proved more 548 
sensitive than steady, back extrusion and penetration tests. Thus, G’ and G” was found to be suitable to 549 
describe the change in F/TM potato structure in terms of differences in the behaviour of the products as a 550 
function of fibre type concentration. LDA showed that YI and TSS content are the attributes which best 551 
separate samples enriched with either PF or I and PFI-enriched samples, whereas BEF, G” and OA are the 552 
attributes that best distinguish the samples with PF and I when added singly. Results show that F/TM 553 
potato texture, structure and potential sensorial quality are intrinsically linked to the integration of fibre in 554 
F/TM potatoes systems. Major differences in structure may be related to the solubility of the fibre added. 555 
In particular, PF (mainly insoluble) and I (soluble) fibres show marked differences in their potential to 556 
affect the OA of the products. These differences may be attributed to the behaviour of the fibre within the 557 
system and the relationship of the fibre with the potato starch matrix. This study appears to confirm that 558 
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the addition of insoluble PF to mashed potatoes causes disruption and cracking of the potato starch matrix, 559 
and consequently hardening. Conversely, the addition of soluble I fibre results in the entrapment of small 560 
I crystals within a soft I-potato starch network. 561 
 562 
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FIGURE LEGENDS 678 
 679 
Figure 1 Mechanical spectra of samples containing 30 g/kg of PF alone, 30 g/kg of I alone and a blend of 680 
30 g/kg of PF and I fibres. 681 
Figure 2 Plot of observations on the two principal axes obtained via LDA based on addition of PF, I and 682 
PFI blends as the discriminating factor. 683 
Figure 3 Textural and rheological properties of F/TM potatoes: (a) back extrusion firmness; (b) cone 684 
penetration firmness per gram.  685 
Figure 4 Oscillatory rheological properties of F/TM potatoes: (a) phase angle; (b) storage modulus; (c) 686 
loss modulus.  687 
Figure 5 Steady rheological properties of F/TM potatoes: (a) apparent viscosity; (b) flow behaviour 688 
index; (c) consistency index. 689 
Figure 6 Quality attributes and OA of F/TM potatoes: (a) yellowness; (b) colour difference; (c) total 690 
soluble solids; (d) overall acceptability.  691 
Figure 7 Scanning electron photomicrographs of F/TM potatoes: (a) (b) with 15 g/kg added PF; (c) (d) 692 
with 45 g/kg added PF; (e) (f) with 60 g/kg added I. 693 
Figure 8 Scanning electron photomicrographs of F/TM potatoes: (a) (b) with 30 g/kg added PF and 10 694 
g/kg added I; (c) (d) with 20 g/kg added PF and 20 g/kg added I; (e) (f) with 15 g/kg added PF and 45 695 
g/kg added I. 696 
Table 1 Concentrations and codes used for identification of samples at each fibre type. Effect of fibres type and average values of instrumental measurements and sensory 
score for the F/TM potatoes. 
 
PF 
(g/kg) 
C1: 0 Source of variation 
 
BEF 
(N) 
CPF 
(N/g) 
δ  
(°) 
G’  
(Pa) 
G”  
(Pa) 
ηapp,50  
(Pa s) 
n K  
(Pa s
n
) C2: 15 
C3: 30 Fibres type         
C4: 45 PF 8.11 a 2.24 a 15.22 a 6103.06 a 1581.40 a 5.54 a 0.20 a 132.11 a 
 
I  
(g/kg) 
C1: 0 I 5.14 b 1.76 b 18.17 b 3278.90 b 1063.38 b 4.98 a 0.26 a 87.50 b 
C2: 15 PFI 5.52 b 2.28 a 15.14 a 5857.86 a 1525.27 a 5.03 a 0.20 a 111.58 a 
C3: 30 P values <0.001 <0.001 <0.001 <0.001 0.0012 0.4475 0.067 <0.001 
C4: 60  F-ratios 22.20 11.31 15.02 10.72 7.52 0.83 4.11 14.77 
 
PFI 
(PF + I) 
(g/kg) 
C1: 0  YI ∆E* TSS  
[g/100g (w/w)] 
OA     
C2: 10 PF + 30 I  
C3: 30 PF + 10 I  Fibres type         
C4: 20 PF + 20 I  PF 14.53 a 1.94 a, b 12.09 a 3.73 a     
C5: 15 PF + 45 I  I 12.44 b 2.58 a 14.96 b 7.29 b     
C6: 45 PF + 15 I  PFI 15.13 a 0.82 b 14.10 b 4.94 a     
C7: 30 PF + 30 I  P values <0.001 <0.001 <0.001 <0.001     
   F-ratios 19.43 9.57 10.48 12.73     
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